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Abstract: We used high-resolution fMRI to investigate claims that learning to read results in greater left occi-
pito-temporal (OT) activation for written words relative to pictures of objects. In the ﬁrst experiment, 9/16
subjects performing a one-back task showed activation in 1 left OT voxel for words relative to pictures (P <
0.05 uncorrected). In a second experiment, another 9/15 subjects performing a semantic decision task acti-
vated 1 left OT voxel for words relative to pictures. However, at this low statistical threshold false positives
need to be excluded. The semantic decision paradigm was therefore repeated, within subject, in two different
scanners (1.5 and 3 T). Both scanners consistently localised left OT activation for words relative to ﬁxation
and pictures relative to words, but there were no consistent effects for words relative to pictures. Finally, in a
third experiment, we minimised the voxel size (1.5 3 1.5 3 1.5 mm
3) and demonstrated a striking concord-
ance between the voxels activated for words and pictures, irrespective of task (naming vs. one-back) or script
(English vs. Hebrew). In summary, although we detected differential activation for words relative to pictures,
these effects: (i) do not withstand statistical rigour; (ii) do not replicate within or between subjects; and (iii)
are observed in voxels that also respond to pictures of objects. Our ﬁndings have implications for the role of
left OT activation during reading. More generally, they show that studies using low statistical thresholds in
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INTRODUCTION
The importance of the left occipito-temporal (OT) cortex
for efﬁcient reading is well recognised. Left OT damage
results in reading deﬁcits and skilled readers consistently
activate left OT cortex for written words relative to view-
ing checkerboards or other non-semantic stimuli [Cohen
and Dehaene, 2004]. However, left OT responses are not
limited to written word processing [Price and Devlin,
2003], and left OT damage impairs object naming as well
as reading [Behrmann et al., 1998; Damasio and Damasio,
1983; De Renzi et al., 1987; Hillis et al., 2005]. These obser-
vations have led to two contrasting theories of left OT acti-
vation during reading. One hypothesis is that, during the
process of learning to read, left OT neuronal populations
that were previously specialised for object recognition are
‘pre-empted’ or ‘recycled’ for reading [Dehaene, 2005]. In
this case, reading experience changes the function of the
region and consequently activation in these left OT neuro-
nal populations is expected to be higher for written words
than objects irrespective of task (i.e. a word-selective
effect). The alternative hypothesis [Price and Devlin, 2004;
Price and Friston, 2005] is that the left OT region of inter-
est (ROI) plays the same functional role during reading
and object naming. For example, it may be involved in
shape conﬁguration [Starrfelt and Gerlach, 2007], or act as
an interface between visual form information and higher
order stimulus properties, such as its associated sound
and meaning [Devlin et al., 2006]. In this context, learning
to read involves the progressive engagement of a function
that already contributes to object naming. Thus, the degree
to which the area is engaged is more dependent on the
task demands (e.g. naming vs. viewing) than on the stimu-
lus type (words vs. pictures).
One critical line of evidence for evaluating these theories
centres on whether left OT activation is higher for words
than pictures of objects. If neuronal populations become
tuned to word form processing, then activation should be
higher for word than object processing irrespective of task.
According to the shared function hypothesis, in contrast,
activation will be more dependent on the task than the
stimulus, i.e. activation could be higher or lower for words
[Starrfelt and Gerlach, 2007]. The few previous studies that
have directly compared word and picture processing have
produced conﬂicting results. When activation is summed
over groups of subjects, left OT activation tends to be
higher (or the same) for pictures of objects than their writ-
ten names during a range of different tasks [Bookheimer
et al., 1995; Chee et al., 2000; Menard et al., 1996; Mum-
mery et al., 1999; Price et al., 2006; Sevostianov et al., 2002;
Vandenberghe et al., 1996; Waters et al., 2007]. However,
at the single subject level, Hasson et al. [2002] report areas
in the left OT sulcus that were activated for Hebrew words
more than objects, although the authors do not focus on
these effects or report the statistical details. Reinholz and
Pollmann [2005] have also reported increased activation
for German words relative to pictures but the location of
these effects (242 6 4,258 6 6,24 6 3) was closer to the
left superior temporal area associated with naming [Price
et al., 2006] than to the left OT area that Cohen and
Dehaene [2004] associate with visual word form processing
(243,254,212 6 5 mm). Likewise, in a single patient
study, Gaillard et al. [2006] compared written word proc-
essing to the mean activation of viewing faces, houses and
tools and identiﬁed an effect at 242,257,26 which is in
middle temporal cortex rather than in the vicinity of the
left OT sulcus.
The present study therefore aims to examine responses
to written words and objects around the left OT sulcus
and also to explore possible sources for the inconsistent
results between previously conducted studies. These varia-
bles include task, orthography, object category (e.g. ani-
mals vs. tools) and aspects of data acquisition and analysis
that may have affected spatial resolution. Three separate
experiments are reported, all of which directly compared
activation for written words and pictures of objects.
Experiment 1 included a one-back identity task on stim-
uli that referred to tool objects, as in Hasson et al. [2002],
but we also looked for differences in word and picture
activation when the stimuli referred to animals and, fur-
thermore, when the task depended on semantic retrieval
(one-back semantic task) rather than visual features (one-
back identity task). This allowed us to test whether differ-
ences between word and picture processing depended on
the task (one-back semantic vs. identity) or category (tools
vs. animals). We hypothesised that, during the one-back
identity task, subjects may use different processing strat-
egies for pictures vs. words (e.g. visual identity vs. lexical
or phonological identity), but during the one-back seman-
tic task, both word and picture processing would require
access to the same speciﬁc semantic information. This
would result in different brain responses for words and
pictures during the one-back identity task but not during
the one-back semantic task. With respect to object category
(animals vs. tools), we hypothesised that increased activa-
tion for words relative to pictures might be greater when
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based on previous ﬁndings that OT activation is higher for
pictures of animals than pictures of tools, with a much
smaller inﬂuence of category in this region when the stim-
uli are written words [Noppeney et al., 2006].
Data from Experiment 1 are reported at the group level
for all conditions and the single subject level for the one-
back identity task that we predicted would show the
strongest word selectivity effects. To maximise spatial re-
solution and sensitivity we used minimal levels of spatial
smoothing (see Methods for a discussion of smoothing)
and very liberal statistical thresholds (P < 0.05 uncor-
rected) in large ROIs, with no correction for multiple com-
parisons. Consequently, these analyses run the risk of
false-positive results. Thus, the principal aim of Experi-
ment 2 was to attempt to militate against this by examin-
ing whether the effects were replicated within subjects,
who were scanned twice with the same paradigm involving
a semantic decision task. In addition, as Experiment 2 col-
lected data at two different static magnetic ﬁeld strengths
(1.5 and 3 T), this also enabled a comparison of how the
static magnetic ﬁeld strength affected the results. Finally,
to increase spatial resolution further, Experiment 3 used
high-resolution fMRI to decrease the size of the voxels
from 3 3 3 3 3m m
3 to 1.5 3 1.5 3 1.5 mm
3. In addition,
Experiment 3 also afforded the opportunity to investigate
other possible sources for the discrepant results between
previously conducted studies, namely the effects of task
(one-back and naming) and orthography (Hebrew as used
in Hasson et al. [2002] and English as used in our previous
studies [e.g. Price et al., 2006]).
METHODS
This study reports data from 34 healthy adult subjects
with normal or corrected to normal vision. All gave
informed consent to participate in one of three different
experiments that each directly compared activation for
written words and pictures of objects around the left OT
sulcus. The study was approved by the Ethics Committee
for the National Hospital for Neurology and Neurosurgery
and Institute of Neurology, UCL, London.
Experimental Aims, Designs and Subjects
Experiment 1 is a re-analysis of fMRI data previously
reported by Noppeney et al. [2006] that studied how the
effect of object category (animals vs. tools) depends on the
task or stimulus type (pictures of objects, written words or
auditory words). Experiments 2 and 3 provide new data
not previously reported. In all three experiments, the writ-
ten words were the names of the objects presented in the
pictures. This ensured that object identity was the same
irrespective of stimulus modality.
Experiment 1 involved the re-analysis of the data from
Noppeney et al. [2006], so that we could focus on how left
OT activation was inﬂuenced by stimulus modality
(written words vs. pictures) and the interaction of stimulus
modality with category (animals vs. tools) and task
(semantic vs. non-semantic). Each task involved a one-back
decision (see later for details). The task of most interest
was the one-back ‘identity’ task (press a button if the same
object is repeated) because it corresponded to that used by
Hasson et al. [2002]. However, while Hasson et al. [2002]
compared written Hebrew word and picture processing in
six Hebrew speaking subjects, our re-analysis of Noppeney
et al. [2006] compared written English word and picture
processing in 16
1 (10 male) right-handed English subjects
(mean age 25 years; range 19–35 years).
Experiment 2 reports data from 15 new English subjects
(right-handed; 10 males; mean age 28 years; range 20–45
years) performing a semantic categorisation task on pic-
tures of objects or their written names. Data from the same
paradigm (different stimuli) were collected from each sub-
ject twice on the same day, once on our 1.5-T scanner and
once on our 3-T scanner. This allowed us to investigate
whether differential activation for pictures of objects and
their written names: (a) replicates within subject; and (b)
depends on static magnetic ﬁeld strength.
Experiment 3 investigated whether the ﬁndings reported
in Experiments 1 and 2 change when the spatial resolution
is increased. To equate our ﬁndings to those of Hasson
et al. [2002], we used a one-back identity task in Hebrew
and English. This allowed us to compare the effects of dif-
ferent orthographies. We also examined the effect of task
by comparing word and picture activations during naming
and the one-back identity task in a fully balanced 2 (stimu-
lus modality) 3 2 (task) 3 2 (language) factorial design.
The subjects were three Hebrew–English bilinguals (two
right-handed, two male, ages 24–53 years). All were ﬂuent
in both Hebrew (having lived in Israel until at least 21
years of age) and English (two subjects having both lan-
guages as a mother tongue and having lived in the UK for
the past 3 years, the third subject having used English
from 7 years of age and having lived in the UK for the
past 35 years). All currently regularly spoke, read and
wrote both English and Hebrew.
Stimuli and Tasks
In Experiment 1, there were 180 different objects (90 ani-
mals and 90 tools). During each of three tasks (including
the one-back identity task of interest), and in each subject,
60 objects were presented as a picture, 60 others as a writ-
ten name and 60 others as a spoken name. Stimuli were
presented in blocks of ﬁve of a type. In the one-back iden-
tify task, subjects were instructed to press a key pad if the
stimulus was identical to the preceding stimulus (e.g.
horse, horse). There were two versions of the one-back
1Six more subjects (total 22) were reported in Noppeney et al.
(2006) but were not included in the present experiment because of
technical delays recovering the data from tape.
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press a key pad if the stimulus had the same associated
action as the previous stimulus (e.g. bee, bird). In the other
semantic one-back task, subjects decided if the stimulus
was approximately the same size as the previous item (e.g.
pigeon, rabbit). About 30% of the stimuli were targets.
Yes/No responses to all conditions were indicated (as
quickly and accurately as possible) by a two-choice key
press. The stimuli (stimulus onset asynchrony (SOA) 3.3 s;
stimulus duration 1.2 s) were presented in blocks of ﬁve
interleaved with 5.5-s ﬁxation. The order of stimulus pre-
sentation for each task was fully counterbalanced within
and between subjects.
In Experiment 2, there were 192 different objects (96 ani-
mals and 96 tools). Two different stimulus sets were cre-
ated, one for each scanner. Within each set, half the items
were presented as pictures and the other half were pre-
sented as written names. Stimulus modality was blocked
with six stimuli per block (SOA 3.3150 s, stimulus duration
5 1200 ms) preceded by a category name (e.g. water birds)
for 4.1 s (total block time 5 24 s, followed by 16 s of ﬁxa-
tion). Subjects had to indicate with a Yes/No button press
whether each item (e.g. ‘swan’, ‘blackbird’, ‘robin’ etc.)
belonged to the given category name. Note that this subor-
dinate categorisation task required speciﬁc semantic
knowledge irrespective of the stimulus type (words or pic-
tures). Therefore, it could not be achieved by either lexical
or visual strategies that might be speciﬁc to one or other
stimulus modality. Task was kept constant throughout the
experiment. Stimulus modality, category and scanner order
were counterbalanced within and between subjects.
In Experiment 3, 180 common objects or animals were
selected with names that were 3–7 characters long in both
English and Hebrew. Each object was presented as a pic-
ture, an English word and a Hebrew word. Stimuli were
blocked and preceded by an instruction that indicated
whether the subject should perform the one-back identity
task (press a button if the stimulus is identical to the previ-
ous) or the naming task (name picture or read words).
There were four experimental runs (each lasting 244.8 s).
Task (name vs. one-back) and stimulus modality (pictures
vs. words) were counterbalanced within run. The order of
language (Hebrew vs. English) was counterbalanced over
run. In two runs, subjects were presented with Hebrew
words only (including the instructions) and named pic-
tures in Hebrew. In the other two runs, words were pre-
sented in English and subjects named pictures in English.
There were 12 stimuli per block, with each block lasting
12.24 s and followed by a 12.24 s of ﬁxation on a cross-
hair. Within each block, each stimulus was presented for
200 ms at a rate of one every 1.02 s (a ﬁxation cross was
displayed between the stimuli)—this rate and duration
were chosen to match those used in Hasson et al. [2002].
In the naming blocks, 12 different stimuli were presented.
In the one-back task 1, 2 or 3 (average 2) of the 12 stimuli
were repeated items (to create the targets). Over the
experiment there were 48 stimuli for each of the eight con-
ditions. All stimuli (pictures and words) were displayed at
a similar size. To minimise artefacts generated from
motion during the naming task, subjects were instructed to
whisper their response with minimal lip movement.
fMRI Data Acquisition
Experiment 1 was conducted on a 1.5-T Siemens Sonata
system whilst Experiment 3 used a 3 T Siemens Allegra sys-
tem. In Experiment 2, data were acquired on both of these
scanners. T2* weighted echoplanar images were acquired
using standard head RF receiver coils. In all three experi-
ments, to avoid Nyquist ghost artefacts, a generalised recon-
struction algorithm was used for data processing [Josephs
et al., 2000]. The ﬁrst six volumes (‘dummies’) from each
session were discarded to allow for T1 equilibration effects.
T1 anatomical volume images were also acquired.
In Experiment 1, fMRI data were acquired on the 1.5-T
scanner (TE 5 50 ms; TR 5 2.97 s, spatial resolution 3 3 3
3 3.4 mm
3 voxels) [see Noppeney et al., 2006 for details].
There were three sessions with a total of 340 volume
images per session.
In Experiment 2, fMRI data were obtained on both the
1.5 and 3 T scanners. The EPI acquisition used a 64 3 64
image matrix, with voxel dimensions of 3 3 3 and 2-mm
slice thickness with 1-mm interslice gap. Each functional
scan consisted of 33 slices. At 1.5 T the TR was 2.97 s, the
TE was 50 ms and the EPI acquisition window was 32 ms.
At 3 T the TR was 2.145 s, the TE was 30 ms and the EPI
acquisition window was 21 ms (the shorter acquisition
window was made feasible by the fast-switching head gra-
dient coils of the Allegra scanner). With these imaging pa-
rameters, for a gel phantom with a T2 of 80 ms, single
voxel SNR was 60 at 1.5 T and 120 at 3 T. There were two
sessions in each scanner, although only data from the ﬁrst
session in each scanner is reported here. This ﬁrst session
included a total of 218 volume images in the 1.5-T scanner
and 298 volume images in the 3-T scanner.
In Experiment 3, the goal during data acquisition was to
maximise spatial resolution. fMRI data were obtained on
the 3-T scanner with a single-shot gradient echo isotropic
high-resolution EPI sequence [see Haynes et al., 2005 for
details]. Voxel size was 1.5 3 1.5 3 1.5 mm
3. Manual posi-
tioning of the area covered ensured that it contained the
ROI. There were four sessions, each with 87 scans.
fMRI Data Analysis
The data from all three experiments were analysed using
SPM2 software (http://www.ﬁl.ion.ucl.ac.uk). In all three
experiments, analysis was performed at the single subject
level, although the data from Experiment 1 also underwent
an additional analysis at the group level.
During preprocessing, in all three Experiments the scans
from each subject were realigned using the ﬁrst as a refer-
ence. In Experiments 1 and 2 standard procedures in
SPM2 were used to resample the data to 2 3 2 3 2m m
3
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the Montreal Neurological Institute, ICBM NIH P-20 pro-
ject). In Experiment 2 the data obtained at both 1.5 and 3 T
were analysed separately. In Experiment 3 each subject’s
functional scans were re-aligned and re-sliced, but did not
undergo unwarping.
The data in Experiments 1 and 2 were then spatially
normalised to a standard EPI template in SPM using non-
linear basis functions. This does not lead to the loss of
observed activation, but has advantages including (i) facili-
tating inter-subject comparisons by avoiding potential user
bias in the anatomical ascription of activation; (ii) enabling
easier relation to other studies; and (iii) enabling the group
level analysis conducted in Experiment 1. In Experiment 3,
however, we did not spatially normalise the acquired data.
Instead, the functional scans were co-registered with the
structural images.
To maximise our spatial resolution, data from Experi-
ment 3 were analysed without spatial smoothing. To maxi-
mise sensitivity, data from Experiments 1 and 2 were spa-
tially smoothed using a Gaussian kernel full width half
maximum of 6 mm (twice the 3-mm voxel size). The ra-
tionale was as follows: (i) by the matched ﬁlter theorem
the optimum smoothing kernel corresponds to the size of
the effect one anticipates, with the spatial scale of haemo-
dynamic responses according to high-resolution optical
imaging being 2–5 mm [Friston, 2004]; (ii) errors will be
rendered more normal in their distribution, ensuring the
validity of inferences based on parametric tests; and (iii)
when using Gaussian random ﬁeld theory, the assumption
that error terms are a reasonable lattice representation of
an underlying and smooth Gaussian ﬁeld also necessitates
that the smoothness be substantially greater than the voxel
size [Friston, 2004]. To ensure that we did not lose true
positive results when the data were smoothed, we com-
pared reading activations in three subjects with and with-
out smoothing. None of the three subjects demonstrated
an activation peak with unsmoothed data that was not
also seen in the analysis of smoothed data (see also Starr-
felt and Gerlach [2007], who also assessed the effect of spa-
tial smoothing in an experiment comparing words and
objects).
Statistical analyses
In all three experiments, each trial (word or picture) was
modelled as a separate event and convolved with a canon-
ical haemodynamic response function. To exclude low-fre-
quency confounds, the data were high-pass ﬁltered using a
set of discrete cosine basis functions with a cut-off period
of 128 s. The statistical contrasts focused on the direct
comparison of words to pictures in each subject. In Experi-
ment 1, our contrasts at the individual subject level
summed over object category and focused on the one-back
identity task only. However, at the group level, the second
level ANOVA was based on six contrasts pertaining to
words > ﬁxation (for each of the three tasks and each of
the two categories) as well as the corresponding six con-
trasts for pictures relative to ﬁxation. This allowed us to
test the main effect of stimulus modality (words vs. pic-
tures) as well as the interaction of stimulus modality with
task (semantic vs. identity) and category (animals vs.
tools). In Experiment 2, the task was semantic decision
and again we summed over category. In Experiment 3, we
examined word and picture activations for both tasks
(one-back identity and reading/naming) and for each
orthography separately and summed over orthography.
Finally, we conducted a second level ANOVA on data
from Experiment 1 to illustrate relative effect sizes for all
conditions at the group level.
Regions of interest
I nE x p e r i m e n t s1a n d2 ,w eu s e dt w oR O I s .O n ew a sa
sphere of 10-mm radius centred at 242,256,214, which
is in the middle of the left OT sulcus where the visual
word form area was ﬁrst deﬁned [Cohen et al., 2000,
2002]. The second ROI was more posterior, centred at
242,270,214 with a 5-mm radius. Together these two
search volumes allowed us to identify any possible word
selectivity effects along 30 mm of the OT sulcus (y 5
246 to 275). In Experiment 3, we were unable to use the
same co-ordinate system, because the data were not spa-
tially normalised. Therefore, we had to identify ROIs
based on the activation for the main effect of reading (i.e.
written words summed over all conditions relative to ﬁx-
ation). The peak of reading activation around the left OT
sulcus was then labelled with co-ordinates x 5 0, y 5 0,
z 5 0. This allowed us to estimate how much peak acti-
vation for each of the conditions varied from the main
effect of reading. In the left-handed subject (DC), reading
activation was strongly left lateralised. Therefore, as in
the other subjects, we focus on left rather than right OT
activations.
RESULTS
Experiment 1: Comparing Words and
Pictures During a One-Back Task
Our analyses focus on the one-back identity task, as this
corresponds to the task used by Hasson et al. [2002]. As
reported in Noppeney et al. [2006], response times for the
one-back identity task did not differ for written words
(625 ms) or pictures of objects (636 ms), and there was no
interaction of stimulus modality (words vs. pictures) with
stimulus category (animals vs. tools). Error rates were also
less than 2% for both words and pictures.
Our single subject analyses of the fMRI data revealed
that in our main ROI, using a low statistical threshold
(P < 0.05, uncorrected), all 16 subjects activated 10 or
more voxels for pictures relative to words and 9/16 sub-
jects activated one or more voxels for words relative to
pictures (Table I). In our more posterior ROI (centred on
r Wright et al. r




Written words > objects Objects > written words
xyzZ No. of voxels xyzZ No. of voxels
1 250 252 216 1.89 1 238 258 212 2.62 114
242 254 222 2.55
234 256 220 2.41
238 248 218 1.72
246 260 26 1.78 1
236 264 214 1.75 1
2 246 258 222 2.74 19 242 252 28 1.95 10
238 248 214 1.73 1
3 236 250 218 1.93 4 246 248 218 1.95 3
234 262 214 1.9 6
250 256 216 1.77 7
242 246 214 1.77 1
240 256 26 1.74 2
4 248 248 214 1.75 1 234 258 210 2.75 82
232 256 214 2.72
240 252 26 2.42
242 264 210 2.29
240 264 218 1.8
240 248 218 1.69 1
5 n.s. 238 248 216 2.63 52
246 248 210 2.2
242 248 28 2.03
6 246 250 212 2.21 18 238 264 218 3.69 124
7 n.s. 238 258 216 3.23 155
250 250 214 2.56
250 252 210 2.37
244 250 220 2.26
246 264 212 2.23
238 252 222 1.8
8 244 260 214 1.85 6 234 260 218 3.11 20
250 254 216 1.73 3 244 252 222 2.13 8
238 252 222 1.79
9 n.s. 242 258 222 2.3 9
240 260 26 2.2 5
10 244 248 214 2.5 13 236 262 218 3.3 38
244 254 26 2.1 5 234 256 212 2.1
250 258 218 2.3 9
11 n.s. 242 256 222 4.2 231
250 254 216 3.1
250 256 210 2.9
234 260 210 2.6
242 266 214 2 1
12 n.s. 244 258 218 2.3 34
250 260 216 2
240 262 220 1.8
13 244 264 214 1.9 3 244 248 214 3.2 117
236 250 218 2.5
246 256 26 1.7 1
14 n.s. 242 266 214 3.1 20
236 260 220 3.1 32
234 254 212 2.1 14
250 256 214 2 7
15 244 252 212 2.4 52 238 258 222 3 59
236 250 210 2.2
16 n.s. 234 258 218 3 26
232 256 214 2.1
244 250 212 2.4 30
236 254 28 1.9
Only data from the ‘identity’ one-back task are included. All reported activation (peaks P < 0.05, uncorrected) are within a sphere of
10-mm radius centred on –42,–56,–14. All local maxima more than 4 mm apart are shown. Where a cluster of activation showed more
than one local maximum, the number of activated voxels for the cluster as a whole is shown.
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tures > written words, but only three showed increased
activation for written words > pictures (none > two vox-
els) (Table II).
Examination of Tables I and II clearly shows that in
all but one subject: (a) many more voxels showed
greater activation for pictures than words; (b) the height
of the differential effect was greater for pictures than
words; (c) the location of differential effects within the
ROI varied between subjects; and (d) there was no clear
spatial relationship between word and picture activation.
Consequently, when data are analysed at the group
level, activation is higher for pictures than words irre-
spective of object category (Table III and Fig. 1).
The group level analysis also found no evidence for an
interaction of stimulus modality with either task (one-
back semantic vs. one-back identity) or object category
(animal vs. tool), even though there was a trend for
left OT activation to be higher for the semantic than
identity tasks and for animals relative to tools (Table III
and Fig. 1).
To conclude, the results of this experiment demonstrate
that, even when activation is higher for pictures than
words at the group level, we can still detect voxels within
TABLE II. Experiment 1: Effect of stimulus modality (written words vs. pictures) at the
individual level in the more posterior region (centred around –42,–70,–14)
Sub. no.
Written words > objects Objects > written words
xyzZ No. of voxels xyzZ No. of voxels
1 n.s. 238 272 212 1.91 3
2 n.s. n.s.
3 n.s. n.s.
4 n.s. 244 274 216 2.2 4
240 266 212 2.15 10
5 240 270 218 1.84 2 n.s.
6 n.s. 238 270 214 3.47 41
244 272 218 2.35
7 n.s. 240 272 218 2.47 55
240 266 216 2.33
8 n.s. 244 270 218 1.72 1
9 n.s. n.s.
10 240 274 212 1.71 1 238 268 216 3.36 16
11 n.s. 240 268 218 3.14 52
12 n.s. n.s.
13 244 266 214 1.86 2 242 274 212 2.39 16
244 274 216 2.36
14 n.s. 242 270 218 3.5 60
244 266 214 3.42
15 n.s. 244 272 210 2.49 6
16 n.s. 238 272 212 2.1 9
This table was produced by the same methods as in Table I, except that the region of interest was a
sphere of 5-mm radius centred on –42,–70,–14.
TABLE III. Experiment 1: Activation at the group level
All Animals Tools
Pictures > written words 240 256 214 (3.6) 242 256 214 (2.1) 240 256 214 (2.9)
234 258 218 (>8) 238 256 214 (3.7) 238 256 214 (4.6)
242 268 210 (6.5) 242 264 210 (4.2) 240 264 210 (3.4)
All Pictures Written words
Animals > tools n.s. 240 252 220 (2.91) n.s.
n.s. 140 262 220 (3.9) n.s.
All Pictures Written words
Semantic > identity 242 256 214 (3.5) 246 252 210 (3.4) 248 258 214 (5.1)
250 258 212 (5.9) 254 258 210 (5.3) 252 252 210 (4.8)
Group level effects of stimulus modality (written words vs. pictures), object category (animals vs. tools)
and task (one-back semantic vs. one-back identity).
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the individual subject level if we use liberal statistical
thresholds. Our next question concerns whether the incon-
sistent effects of words relative to pictures are the conse-
quence of individual variability or false positives. To
address this question, we need to investigate whether acti-
vation for words relative to pictures can be replicated
within subject.
Experiment 2: Replicating Effects Within
Subjects During a Semantic Decision
Task at 1.5 and 3 T
Mean co-ordinates across subjects for activation for words
relative to ﬁxation and pictures relative to ﬁxation at both 1.5
and 3 T are shown in Table IV. The results of the single sub-
ject comparisons of word and picture processing at 1.5 and
3 T are shown in Tables V and VI. The effect of magnetic
ﬁeld strength is summarised in Table VII. Overall, the results
can be summarised as follows: First, we demonstrate a very
reassuring consistency in the spatial localisation of effects
across scanners. Speciﬁcally, we found that (a) activation for
words relative to ﬁxation was consistently localised across
the 1.5- and 3-T scanners in 14/15 subjects (Fig. 2 and Table
IV); (b) a subset of voxels from our ROI were activated in
15/15 subjects for pictures relative to words in both scanners
(Tables V and VI); and (c) in 12/15 of these subjects, the peak
effect for pictures relative to words in one scanner was
within 4 mm of the peak for pictures relative to words in the
other scanner (Tables V and VI).
Second, we demonstrate that, although the effects of pic-
tures relative to words were consistently localised irrespec-
tive of scanner, this was not the case for the comparison of
words to pictures (Tables V and VI). Indeed, only 2/15
subjects activated one or more left OT voxels for words
relative to pictures in both scanners, and in both these sub-
jects the voxels activated for words relative to pictures in
one scanner were more than 10 mm away from the voxels
activated for words relative to pictures in the other scan-
ner. In the context of mass univariate statistics within our
ROIs, a low statistical threshold (P < 0.05 uncorrected)
and the absence of any replication within or between sub-
jects, we cannot reject the possibility that activation for
words relative to pictures at the individual subject level
reﬂects false positives.
Figure 1.
Experiment 1: Activation at the group level. Upper panel shows
activation in left OT during the ‘identity’ one-back task for (i)
words > ﬁxation in red (P < 0.001 uncorrected); and (ii) pic-
tures > words in yellow (P < 0.5 uncorrected, inclusively
masked with words > ﬁxation at P < 0.001 uncorrected). The
overlap of these two effects is shown in orange. Therefore, the
red areas are activated for words > ﬁxation but not for pictures
> words. However, none of the voxels in our ROI (centred on
the cross-hairs at 242,256,214) are red, because they are all
more activated by pictures than words at the group level. Lower
panel shows the effects of interest at 242,256,214, with con-
trast estimates and 90% conﬁdence intervals shown for each of
the six conditions involving visual words and each of the six con-
ditions involving objects. ‘I’ refers to the identity one-back task
and ‘S’ refers to the two semantic tasks, including both the
explicit action semantic task and the explicit visual semantic
task; see Noppeney et al. [2006] for details.
TABLE IV. Experiment 2: Mean coordinates of activa-
tion across subjects for words relative to ﬁxation and
pictures relative to ﬁxation at both 1.5 and 3 T
Contrast
Peak coordinates (mean)





a 258 (5) 218 (4) 242 (4) 258 (5) 219 (4)
Pictures >
ﬁxation
239 (5) 258 (4) 218 (4) 239 (4) 258 (4) 220 (4)
The mean coordinates (and standard deviation), Z scores and
number of voxels pertain to the most signiﬁcant activation peak
identiﬁed in each subject, identiﬁed and reported at each static
magnetic ﬁeld strength (1.5 and 3 T).
aValues in parentheses indicate SDs.
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extensive and more signiﬁcant than activation at 1.5 T for
the contrasts of (i) words more than ﬁxation; (ii) words
more than pictures; and (iii) pictures more than words
(Table VII). However, as described earlier this increased
sensitivity did not alter the ﬁndings with respect to the
inconsistent activation for words relative to pictures. In
summary, irrespective of magnetic ﬁeld strength, activa-
TABLE V. Experiment 2: Effect of stimulus modality (words vs. pictures) at 242,256, 214 at both 1.5 and 3 T
Sub.
no.
1.5 T 3 T










1 242 246 214 1.7 1 234 260 214 2.23 16 n.s. 234 260 218 3.33 119
246 258 210 2.00 14 232 256 214 3.32
234 262 214 3.14
234 252 214 3.08
2 n.s. 238 252 222 3.15 242 n.s. 234 252 218 2.41 12
240 256 222 3.08 242 256 24 2.03 1
246 264 218 3.05
234 254 212 2.39
3 246 252 26 1.90 2 236 256 214 2.60 35 n.s. 242 264 220 4.15 152
246 264 210 2.19 15 248 262 210 3.68
234 256 220 3.27
234 252 218 3.05
4 n.s. 234 256 220 3.10 67 n.s. 234 256 220 7.26 176
234 252 218 2.95 242 262 26 3.36
242 256 224 2.05 238 264 210 3.31
236 256 26 1.80 3 246 256 222 2.19
5 n.s. 248 258 220 3.36 130 246 262 216 3 120 234 254 218 1.99 4
232 256 214 2.56 240 252 210 1.8
234 252 216 2.42
236 264 214 2.14
6 n.s. 236 262 216 2.57 40 n.s. 236 262 218 4.61 177
248 256 26 1.70 1 234 256 220 4.39
7 238 250 28 3.45 22 234 262 214 3.17 202 n.s. 234 252 218 4.36 393
244 258 216 2.63 246 256 216 3.64
248 262 214 3.64
8 n.s. 234 260 218 2.02 4 250 256 220 3.2 173 234 252 218 1.79 2
236 250 212 1.85 4 246 262 216 3.0
9 n.s. 244 254 214 2.92 136 n.s. 236 262 218 4.23 252
236 252 220 2.19
238 264 218 2.16
242 262 26 1.94
10 250 256 28 1.71 1 234 258 212 3.23 82 250 256 218 1.88 6 236 262 218 3.45 63
232 256 214 3.00
11 246 250 214 1.91 6 236 260 218 2.53 86 n.s. 236 260 220 3.20 76
234 252 218 2.51 244 264 212 1.86
238 262 28 2.35
12 246 248 218 2.35 18 240 256 212 3.60 144 250 256 28 1.87 2 236 260 220 3.95 212
232 256 214 2.91
240 260 26 1.80
238 256 26 1.78
13 n.s. 236 252 212 1.88 8 n.s. 242 264 210 4.69 294
244 258 222 3.46
234 260 218 3.25
234 262 214 3.18
232 256 214 2.31
14 n.s. 236 260 220 3.84 125 n.s. 236 256 222 5.64 190
234 256 210 2.99 236 260 220 5.20
246 248 210 1.85 1 242 256 224 3.79
246 264 210 2.94
15 250 254 218 2.45 15 234 256 220 3.70 173 n.s. 234 256 220 2.66 118
232 256 214 3.34 246 256 220 2.41
244 262 214 1.80
See Table I for inclusion criteria. The effects of words relative to pictures were not affected by the order in which subjects were scanned.
Subjects 2, 5, 7, 8, 10, 12, 13 and 14 were scanned at 3 T ﬁrst, whilst the remainder were scanned at 1.5 T ﬁrst.
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and more extensive than words compared to pictures in
both lateral (x 52 40 to 250) and medial (x 52 34 to
238) sections of our two ROIs (Tables V and VI).
Experiment 3: Identifying Peak Activation for
Words and Pictures at High Resolution
In all three subjects, two ROIs were identiﬁed on the
basis of increased activation for words relative to ﬁxation
(Table VIII). The comparison of pictures to ﬁxation
(pooled over tasks and languages) activated almost iden-
tical voxels (Table VIII and Fig. 3). Furthermore, there
was a striking degree of concordance amongst the activa-
tion peaks seen in each of the eight conditions in our
design (Table VIII).
DISCUSSION
The aims of this study were to compare left OT
responses to pictures of objects and their written names;
and also to explore possible sources for the inconsistent
results between previously conducted studies [e.g. Hasson
et al., 2002; Moore and Price, 1999; Price et al., 2006]. This
is important because a critical line of evidence for evaluat-
ing competing theories of left OT function in reading
revolves around whether left OT activation is higher for
written words than pictures of objects.
Our results demonstrate that, although activations for
written words are not greater than those for pictures of
objects at the group level, it is possible to detect ‘word se-
lectivity’ at the individual subject level using liberal statis-
tical thresholds. At ﬁrst glance, one interpretation of these
results is that word selectivity is at a spatial scale that can
only be detected when spatial smoothing and inter-subject
averaging are minimised (i.e. at the individual subject
TABLE VI. Experiment 2: Effect of stimulus modality (words vs. pictures) in the more posterior ROI
(centred around –42,–70,–14) at both 1.5 and 3 T
Sub no.
1.5 T 3 T










1 n.s. n.s. n.s. 240 266 214 2.5 40
2 n.s. 246 268 216 3 24 n.s. n.s.
3 n.s. 246 268 216 2.9 32 n.s. 244 268 218 4 81
242 272 210 3.7
4 n.s. 244 272 210 2 5 n.s. 238 270 212 4.8 52
5 n.s. 238 272 214 2.5 26 244 266 216 1.7 1 n.s.
244 266 214 2
6 n.s. n.s. n.s. 244 272 210 4.6 77
238 268 216 4.5
7 n.s. 238 270 212 2.3 38 n.s. 244 268 218 3.3 78
244 266 216 2 238 272 212 2.9
8 n.s. 238 268 216 1.7 1 244 266 214 2.4 11 238 272 216 4.3 21
9 n.s. 242 272 210 2.2 38 n.s. 244 274 214 3.5 81
240 268 218 3.3
10 n.s. n.s. n.s. 240 266 216 1.7 1
11 246 268 216 1.9 7 238 272 216 2.3 9 n.s. 240 268 218 1.9 10
12 n.s. n.s. n.s. 240 268 218 2.9 39
246 272 212 2.5
13 n.s. 242 274 212 244 266 212 4.6 75
244 274 214 4
14 n.s. 240 270 218 2.2 10 n.s. 244 268 210 3.1 20
240 270 218 2.9 19
15 n.s. 244 274 216 3.5 43 ns 244 274 216 3.7 51
See Table II for inclusion criteria.









1.5 T 3 T 1.5 T 3 T 1.5 T 3 T
Words > ﬁxation 15 14 3.78 5.32 237 258
Words > pictures 7 4 2.21 2.50 9 75
Pictures > words 15 15 2.93 3.85 102 149
No. of subjects refers to the number of subjects (out of 15) with a sig-
niﬁcant effect at P < 0.05 uncorrected. Mean Z score refers to the Z
score for each effect summed over these subjects. Mean voxels refers
to the number of voxels for each effect, summed over these subjects.
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of caveats in this argument. First, without a small volume
correction for the number of comparisons being made, the
use of a liberal statistical threshold is likely to yield false
positives. Second, the exact location of the observed effects
varies both between and within subjects (Experiment 2).
Third, even at high resolution (such as the 1.5 3 1.5 3 1.5
mm
3 voxels in Experiment 3) the peak activation in our
OT ROI for written words is virtually identical to the peak
activation for pictures of objects. Our word selective effects
did not, therefore, withstand statistical scrutiny.
Previous studies have found increased activation for
written words relative to low-level visual stimuli such as
checkerboards [Cohen et al., 2000, 2002] but, as discussed
in the Introduction, inconsistent results have been
obtained when written words are compared to pictures of
objects. One might put forward various explanations for the
failure of all three experiments in this study to demonstrate
consistently increased activation for words relative to
objects in left OT, three of which are addressed here. First,
it might be proposed that the failure of this study to dem-
onstrate increased activation for words relative to objects
is attributable to inadequate spatial resolution arising at
the level of data acquisition, preventing the disambigua-
tion of close but separable areas that would otherwise
demonstrate greater activation for written words than
objects. We cannot, for example, exclude the possibility
that within our smallest voxels there are word selective
neuronal populations. However, even if this was the case,
it would not constitute evidence for a left OT ‘area’ that
was selective for words relative to pictures. More crit-
ically, if specialisation for reading is at the level of neuro-
nal populations that overlap with object processing areas,
then evidence for reading speciﬁc responses in left OT
will require single cell recordings or techniques with
much higher spatial resolution than fMRI. This evidence
is not currently available.
Second, one might propose that our experimental proto-
cols may have affected the sensitivity with which activa-
tions were identiﬁed. However, there were more stimulus
events and volume images involved in the relevant con-
trasts of interest in Experiment 3 in this study than those
in Hasson et al. [2002]. We also investigated a larger num-
ber of subjects in this study (34 in all three experiments)
compared to six in Hasson et al. [2002]. Furthermore, our
paradigms were sufﬁciently sensitive to detect left OT vox-
els that were differentially activated by pictures relative to
words as demonstrated by a re-assuring within subject
replication in Experiment 2. Nevertheless, the effects of
words relative to pictures were weak and did not replicate
between or within subjects.
A third possible explanation for the discrepant results
between studies might lie in task effects. Models of word
and object recognition such as those proposed by [Glaser
and Glaser, 1989] suggest that while words access phonol-
ogy before semantics, objects access semantics before
phonology. Such processing differences can result in task-
dependent stimulus modality effects. For example, the per-
ceptual tasks used by some investigators [Gaillard et al.,
2006; Hasson et al., 2002; Reinholz and Pollmann, 2005;
Figure 2.
Experiment 2: Words more than ﬁxation at 1.5 and 3 T. Activa-
tion for words > ﬁxation is shown in white for ﬁve individual
subjects. Each row displays data from one individual subject at
both 3 T (left-hand column) and 1.5 T (right-hand column). The
statistical threshold at 3 T was P < 0.001 uncorrected (extent
threshold 500 voxels) but at 1.5 T the statistical threshold was
lowered to P < 0.01 (extent threshold 500 voxels), because the
latter was less sensitive at an individual subject level in this
region. The white cross-hair indicates the centre of our region
of interest (242,256,214) on axial slices (z 52 14 mm in MNI
space). The ﬁve subjects (rows 1–5) correspond to subjects 3, 4,
5, 8 and 12, respectively, in Table V.
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phonological strategies for words and visual strategies for
pictures. During naming, however, visual input must be
linked to speech production for both words and pictures.
Therefore, if left OT plays a role in linking visual to higher
processing levels [Devlin et al., 2006; Price and Devlin,
2004; Price and Friston, 2005], demands on this linking
process will be more closely matched for words and pic-
tures during naming tasks than perceptual tasks.
Consistent with the importance of task effects in the
comparison of words and pictures, a recent study by Starr-
feldt and Gerlach [2007] observed increased activation for
words relative to pictures during a colour decision task
(deciding if stimuli were coloured white or yellow) but not
during a categorisation task (deciding if stimuli repre-
sented natural objects or artefacts). We compared word
and picture responses during perceptual, semantic and
naming tasks but did not ﬁnd signiﬁcant evidence for
TABLE VIII. Experiment 3: Localisation of activation at high resolution
Posterior region Anterior region
xyzZ No. of voxels xyz ZNo. of voxels
Subject RF
Words > ﬁxation
a 0 0 0 7.3 11 1 10 25 7.4 43
Pictures > ﬁxation
a 21 21 21 7.8 39 218 26 7.9 102
Words
b
Naming, Hebrew 0 0 0 3.98 6 229 284 3 4 3
Naming, English 0 0 0 5.23 34 218 26 7.52 195
One back, Hebrew 21 0 0 5.18 10 0 9 26 4.48 38
One back, English 1 2 1 4.6 12 3 12 25 3.82 13
Objects
b
Naming, Hebrew 0 21 21 3.95 14 227 28 5.4 63
11 422 4.79
Naming, English 21 21 21 7.36 545 1 10 25 7.35 545
One back, Hebrew 0 0 0 5.87 52 218 26 5.05 70
21 223 4.75
One back, English 21 21 21 5.31 18 1 9 255 4 8
Subject DC
Words > ﬁxation
a 0 0 0 8.3 60 2 16 1 8 202
Pictures > ﬁxation
a 1 21 21 8.0 723 2 17 1 7.8 111
Words
b
Naming, Hebrew 0 0 0 7.56 142 2 16 1 6.76 109
Naming, English 1 21 21 6.7 492 2 17 1 6.87 198
One back, Hebrew 0 21 0 6.84 44 2 18 0 6.34 138
One back, English 0 0 0 4.07 39 2 16 1 5.79 205
Objects
b
Naming, Hebrew 0 21 0 6.63 482 3 15 3 5.97 35
Naming, English 2 0 22 5.74 726 2 15 3 7.13 534
One back, Hebrew 1 21 21 5.69 982 2 16 1 5.54 88
One back, English 0 0 0 6.69 1159 2 17 1 5.23 108
Subject DA
Words > ﬁxation
a 0 0 0 7.4 11 6 9 2 7.4 51
Pictures > ﬁxation
a 0 0 0 7.2 12 6 10 0 6 5
Words
b
Naming, Hebrew 231 22 4.87 17 6 9 2 7.28 144
Naming, English 0 0 0 4.89 6 7 12 1 7.19 91
5 8 0 6.26
One back, Hebrew 21 0 0 4.24 13 7 10 1 3.43 2
One back, English 21 21 21 5.4 30 5 9 22 3.85 7
Objects
b
Naming, Hebrew 0 2 0 3.9 13 6 11 21 6.23 62
Naming, English 0 0 0 4.52 6 12 10 1 6.17 240
One back, Hebrew 24 21 1 4.77 32 6 10 5 3.37 3
One back, English 0 0 0 5.27 16 9 5 1 3.34 1
These coordinates are not normalised. They are relative to the activation peaks for words relative to ﬁxation in each subject (i.e. the
word peaks are designated 0, 0, 0). Z  5.2 is corrected for multiple comparisons across the number of voxels scanned. No differential
effects of words vs. pictures were seen within 4 mm of the posterior region of interest in Subjects DC and DA, but in Subject RF, activa-
tion was higher for pictures than for words (Z 5 3.4 with 14 voxels at P < 0.05 uncorrected).
aActivation pooled across all conditions (P < 0.05, corrected for whole brain).
bActivation for each condition (P < 0.001, uncorrected).
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the tasks we tested. Nor did we ﬁnd evidence for an inter-
action of stimulus modality with either task or object cate-
gory in Experiment 1, even though we predicted that we
might see word selectivity for the one-back identity task
but not the semantic tasks. One possibility is that by inter-
mixing different tasks within the same experimental ses-
sion (e.g. blocks of naming or one-back tasks in Experi-
ment 3), subjects engaged a naming strategy irrespective of
task, thereby reducing differences between stimuli. Addi-
tional studies are therefore required to investigate task by
stimulus interactions further, particularly how they inter-
act with the experimental protocol. Nevertheless at this
stage we can draw the important conclusion that increased
left OT activation for words relative to pictures is very dif-
ﬁcult to demonstrate with conventional fMRI techniques
and reading tasks. Therefore, at present, there is no
convincing evidence to suggest that there are neuronal
populations around the left OT sulcus that respond to
reading more than picture processing when the processing
demands of the task are equated across stimuli.
Recent studies have made similar arguments concerning
letter selectivity [Joseph et al., 2006; Pernet et al., 2005] and
face selectivity [e.g. Gauthier et al., 2000]. In Pernet et al.
[2005], for example, letter selectivity in the left OT cortex
was found to be task-dependent (observed during a cate-
gorisation task but not during a discrimination task). The
authors argue that if there was a cognitive ‘module’ dedi-
Figure 3.
Experiment 3: Localisation of activation at high resolution. (a)
highlights activation in subject RF in the posterior region. (b)
highlights activation for subject DC in the anterior region. In
both subjects this was the location for activation corresponding
anatomically to the area of interest in left OT sulcus. On the left
side of each page are axial, coronal and sagittal views of the indi-
vidual subject’s structural scan shown at the peak coordinates of
activation for words more than ﬁxation. On each view, a dashed
box shows the brain region displayed under greater magniﬁca-
tion on the right of the page. Activation (across tasks and lan-
guages, P < 0.05, corrected for comparisons across the number
of voxels scanned, 10 voxel threshold) is shown on the mean
echoplanar image in red for words > ﬁxation and yellow for pic-
tures > ﬁxation. The circle shown on each magniﬁed image is
centred on the peak coordinates of the activation for words
more than ﬁxation. Note that for subject DC, the axial slices
also show the posterior region of activation (highlighted with a
dashed circle).
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visual memories of letters was required. Task dependency
for letter selectivity was also reported by Joseph et al.
[2006], who compared letters, objects, visual noise and
ﬁxation during a matching task and a naming task. The
left mid-fusiform gyrus showed a conjoined response for
the non-ﬁxation stimuli during the matching task and a
letter preferential response during naming, although nam-
ing letters did not activate this region more than pictures
of objects—so the authors argue that the region cannot be
classiﬁed as dedicated for letter processing.
Our study was not designed to identify functional labels
for left OT regions. However, our ﬁndings do have impli-
cations for the interpretation of other studies. For example,
activation of the same left OT voxels for word and object
processing (Experiment 3) suggests that words and pic-
tures are activating shared computations. Given the num-
ber of left OT voxels activated during reading (Figs. 1–3),
it is also likely that left OT is involved in several different
computational stages, as visual information is relayed to
higher cognitive levels [see Price and Devlin, 2003, 2004;
Devlin et al., 2006]. Anterior fusiform activation, for exam-
ple, is more involved in semantic processing [see Price and
Mechelli, 2005, for a review]. Functional connectivity stud-
ies [e.g. Mechelli et al., 2005] have also shown that anterior
fusiform activation correlates with ventral inferior frontal
activation whereas posterior fusiform activation correlates
with dorsal premotor activation. The critical point of the
current paper is to demonstrate that these semantic vs.
non-semantic networks are not speciﬁc to word and non-
word processing. They are also engaged by object process-
ing. Thus, while it is tempting to assign regions with read-
ing speciﬁc functional labels (e.g. the visual word form
area and bigram letter processing), these labels do not
encompass the full range of processes that the brain struc-
tures are contributing to. Consequently, studies of non-
reading tasks would need to assign different functional
labels to the same region (see Price and Friston [2005] for a
discussion of the issues related to assigning functional
labels to structural brain regions).
In conclusion, the experimental data that are currently
available do not support the hypothesis that learning to
read changes the function of the left OT cortex. Instead,
we suggest that learning to read involves the recruitment
of left OT functions that are already engaged in object
processing. More generally, our results highlight the need
for single subject effects to correct the statistical threshold
for the number of comparisons made or replicate effects
within subject.
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